A combined cellular automaton-finite difference (CA-FD) model has been developed to simulate solute diffusion controlled solidification in continuous steel casting. Constitutional and curvature undercooling were both solved to determine the equilibrium temperature and growth velocity of the solid/liquid interface. Simulations were firstly performed for both the free dendritic growth from an undercooled melt and the columnar dendritic growth in unidirectional solidification. Finally, competitive dendritic growth and columnar to equiaxed transition (CET) occurring in solidification of continuous casting process were reproduced by the present CA-FD model. The effect of the fragmentation of dendrites due to fluid flow induced by EMS in mould on nuclei was taken into consideration by increasing the grain density. The comparison between the simulated and experimentally observed results shows that the present model can be used to simulate solidification structure formation during the continuous casting process of steel. The influence of superheat on solidification structure was also analyzed, and it was found that increasing superheat increases the columnar dendritic growth and reduces the equiaxed ratio, as it is empirical well known.
Introduction
Continuous casting, as the metal manufacturing process with high efficient and energy saving, has a wide application both in nonferrous and ferrous metallurgical industries. The quality and properties of cast products strongly depends on the microstructure forming during solidification. Therefore, much attention has been paid to the solidification process for improving the product. Knowledge of the interdependence of the cast macrostructure and process parameter would be helpful in this regard. However, it is a time and energy consuming process to obtain optimum process conditions by experimental works. Hence, kinds of models have been developed for simulating the evolution of micro and macrostructures of alloys during solidification for recent several decades. The deterministic method such as the phase field (PF) method [1] [2] [3] [4] and the stochastic method such as the Monte Carlo (MC) method 5, 6) and cellular automaton (CA) method [7] [8] [9] [10] [11] [12] are the main numerical methods for modelling solidification structure. Although above methods all are very powerful for simulating the evolution of a dendrite structure, the drawback of the phase field (PF) method is that the computational domain is very small and the transition from columnar-to-equiaxed grain structures observed in casting and the complicated morphologies of the grains observed in metallographic cross-sections of ingots are thus hardly reproduced by deterministic method. 8) The Monte Carlo (MC) method doesn't explicitly integrate the growth kinetics of the solid-liquid interface, and the correspondence between the MC time step used in the calculations and real time is not clear. 10) As a consequent, the cellular automaton (CA) method has been used for simulation the evolution of grain macrostructures for relatively large alloy casting.
However, the numerical simulation of solidification structure of continuous casting steel, which is widely used material in the world, is relatively less, because of the complex fluid flow in liquid core and complicated phase transformation during the solidification process. Recently, more and more attentions have been paid to this multi components alloy. M. Yamazaki et al. 11, 12) proposed a simple nucleation parameter to consider the contribution of the fragmentation of dendrites due to fluid flow during the steel continuous casting with electromagnetic stirring (EMS), and developed a numerical model for the simulation of structure formation during the solidification of an Fe-C alloy with peritectic transformation.
The main goal of this work was to develop a numerical model to simulate the evolution of solidification structure in the continuous casting of steel taking into account the bulk liquid flow in the liquid core. Firstly, the equiaxed dendrite and columnar dendrite as a typical structure of cast were simulated, and later the competitive growth of equiaxed dendrite and columnar dendrite occurring in solidification in continuous casting was modelled using the present model. Finally, the effect of superheat on the cast macrostructure was analyzed.
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Mathematical Description of the Model

Heat Transfer
The continuous casting process is essentially a continuous solidification process which can be described by the following two-dimensional heat transfer equation.
.... (1) where T is the temperature (K), ρ is the mass density (kg/m 3 ), cp is the specific heat (J/(kg·K)), keff is the effective thermal conductivity (W/(m·K)), L is the latent heat of fusion (J/kg), t is the time (s) and fs is the solid fraction.
The convective heat transfer in the liquid pool due to the liquid flow is described with the effective thermal conductivity as:
where k is thermal conductivity and A is the factor which depends on the flow velocity in the liquid pool.
The initial and boundary conditions are detailed described in the following: where Tc is the initial casting temperature of the molten steel (K). (2) Boundary conditions (BC):
The boundary conditions of the model are given below, and are applicable to each of the three sections namely mould, secondary cooling and radiation.
In the mould cooling zone, the heat transfer is determined using the heat balance of the mould cooling water. (6) where q is the heat flux from the surface (W/m 2 ), ρw is the water mass density (kg/m 3 ), cw is the water specific heat (J/(kg·K)), W is the mould water flowrate (L/min), Am is the effective contact area between the shell and the mould wall (m 2 ), ΔTw is temperature difference between inlet and outlet mould cooling water (K), h is the heat transfer coefficient (W/(m 2 ·K)), σ is Stefan-Boltzman constant, ε is emissivity, Tsurf, Tw and Tamb are the strand surface, spraying water and environment temperatures (K), respectively.
Nucleation
The heterogeneous nucleation occurring at the surface of the casting and in the bulk liquid is described using the two distributions of nucleation sites which become active as undercooling increases. In the present study, the Gaussian distribution reported by Thevoz et al. 13) has been adopted. A continuous nucleation distribution, dn/d(ΔT), was used to describe the grain density increase, dn, which is induced by an increase of the undercooling, d(ΔT), as in the following Gaussian distribution:
....... (7) where ΔTn is average nucleation undercooling, ΔTσ is the standard deviation, and nmax is maximum density of nuclei given by the integral of the total distribution (from zero undercooling to infinite undercooling).
Thus the density of grains, n(ΔT), corresponding to any undercooling, ΔT, can be obtained directly as follows: 10) .................. (8) 
Solute Diffusion
As the thermal diffusivity of metallic alloys is 3-4 orders of magnitudes greater than the solute diffusivity, the kinetics of for microstructure evolution can be assumed to be solute transport-controlled. 14) Without considering the natural and forced convection in the liquid, the governing equation for diffusion in liquid and solid can be described as follows: 15) ..... (9) ........... (10) where Dl and Ds are the solute diffusion coefficient in the liquid phase and solid phase respectively, and k0 is the equilibrium partition coefficient.
Local equilibrium and solute conservation at the solid/liquid interface are expressed as follows: (12) where Cs * and Cl * are the interface equilibrium concentrations in the solid and liquid phase respectively, Vn * is the normal velocity of the interface and n denotes the normal to the solid/liquid interface that is pointing into the liquid.
The interface equilibrium temperature T * that includes solutal and curvature undercooling can be estimated by the following equation: 17) .......... (13) where Tl is the equilibrium liquidus temperature of steel with initial composition of C0, m0 is liquidus slope, Γ is the Gibbs-Thomson coefficient, κ is the curvature of the interface, and f(ϕ,θ) is a function describing the anisotropy of the interface energy, where θ is the angle of the preferential growth direction (crystallographic orientation) with respect to a reference axis, and ϕ is the angle of the normal to the interface with respect to the same axis (growth angle).
The procedures for calculating κ and f(ϕ,θ) developed by Nastac 16 ) are adopted as:
where a is the cell size and N is the number of neighboring cells. In present calculation, N=24, which includes the surrounding neighbor cells of the first and second layer. The values of the curvatures calculated with Eq. (14) vary from a minimum of -1/a to 0 for concave surfaces and 0 to a maximum of 1/a for convex surfaces.
................ (15) .............. (16) where Vx and Vy are the velocity components in both x-and y-directions, respectively. In present calculation, δ=0.04, which accounts for the degree of anisotropy of four-fold symmetry.
Calculation Procedure
Numerical Method
The present coupled model consists of two schemes; one is the cellular automaton (CA) method simulating the formation of solidification the grain structures and the other is the finite difference (FD) method simulating the macroscopic heat transfer and solute transport in continuous casting process.
An explicit finite difference discretization equation for Eq. (1) where Vmax is the maximum growth velocity obtained by scanning the velocities of all "interface" cells during each time step. Because of the axial symmetry of the heat transfer, a quarter of the cross section of strand was selected for the calculation domain. The calculation domain was divided into rectangular elements for the heat transfer in the FD method. A network of square CA cells was laid on the calculation domain, and the heat transfer elements were superimposed on the CA cells as shown in Fig. 1 . In present work, the geometry of the cell is a square, and each cell is characterized by different variables (such as temperature, concentration, crystallographic orientation, solid fraction) and possible state (liquid, interface, or solid). The selected neighborhood configuration is based on the cubic von Neumann's definition of neighborhood, which contains the first four nearest neighbors. The flowchart of coupled CA-FD simulation for microstructure is presented in Fig. 2 . The coupled simulation of microstructure in continuous casting steel consists of macro (heat transfer simulation) and micro simulations (heterogeneous nucleation, dendrite growth and solute diffusion). At the beginning of the simulation, the temperature and concentration are initialized by initial conditions and all cells are liquid whose index is set to -1. At each FD time step, the temperature is calculated by solving Eq. (1) with the explicit scheme, applied with boundary conditions relevant to the position of the slice. If the node temperature is below liquidus, the micro simulation (heterogeneous nucleation, dendrite growth and solute diffusion) starts. As nucleation proceeds, some cells become "interface" and their state index is changed to 0, and when some cells are totally solidified, their state index is changed to 1. The temperatures of the cells in a rectangular element can be linearly interpolated using the four adjacent FD nodes temperature. The nucleation site both on the mold surface and in the bulk liquid are randomly set according to Eq. (7) . If the local undercooling of predetermined nucleation site is larger than that which is necessary for nucleation and the nucleation probability, pn, is larger than a random number which ranges from 0 to 1, the cell changes its state from "liquid" to "interface", and its crystallographic orientation index is randomly defined to be an integer among 256 orientation classes. The nucleation probability is described as follow: where δ(ΔT) represents the undercooling increase at one time step, and a is the cell size. Next, as nucleation succeeds, the "interface" cell will become active and grow with a preferential direction corresponding to its crystallographic orientation at a certain growth velocity determined by Eq. (12) . When the "interface" cell grows until its solid fraction becomes 1, the "interface" cell would capture the neighboring cells of liquid if a randomly generated number, which also ranges from 0 to 1, is smaller than the capture probability, pc, defined as follows: 16) ... (21) where θ represents the crystallographic orientation which ranges from -π/4 to π/4. At the capturing time, the "interface" cell is totally solidified, and its state index become 1. Meanwhile, the captured "liquid" cells become "interface" cells with the same crystallographic orientation as the mother cell's. The nucleation and growth procedure continues until all "liquid" cells or "interface" cells become "solid" cells. Meanwhile, the solute diffusion in the whole calculation zone is calculated.
At each CA time step, the solid fraction increment of "interface" cell is calculated with 17, 18) ................ (22) where V x and V y are the velocity components in both x-and y-directions, respectively.
After calculating the solid fraction increment of each "interface" cell, the total solid fraction increment in all cells will be gained. Then the temperature of the FD nodes are updated using the Eq. (2), the last term of which in the right hand side indicates the latent heat released during the solidification. Using these updated temperatures, macroscopic heat transfer calculation is continued. The calculation will be repeated until the end of the solidification.
Selection of the Calculation Parameters
The parameters, which affect strongly on the simulation results of microstructure, can be classified into two categories: one is the macro-simulation parameters and another one is micro-simulation parameters. The macro-simulation parameters are mainly solidification-related thermophysical properties (e.g., enthalpy, latent heat, specific heat, density, thermal conductivity, et al.), which can be got from the IDS model. [19] [20] [21] [22] In the present study, a commercial steel (C: 0.6%, Si: 0.2%, Mn: 0.6%, P: 0.015%, S: 0.015%) and a 0.15°C/s cooling rate were used in the simulation. The IDS is very user friendly model, when the chemical compositions of the commercial steel and cooling rate were input into the IDS model, you can get the phase fraction evolution and therophysical properties data after the calculation. The calculated latent heat is 2.45 × 10 5 J/kg, the calculated liquidus and solidus temperature are 1 484°C and 1 393°C respectively, and the calculated specific heat and thermal conductivity are showed in Figs. 3 and 4 , respectively. The micro-simulation parameters are mainly nucleation parameters and solute kinetic parameters of the diffusion. Because the nucleation parameters greatly depend on the cooling rate, 23) they vary at different cooling zone in continuous casting (mould, secondary cooling zone and radiation zone). So the study on nucleation parameters of commercial steel during continuous casting process is rare, because of the complexity of cooling scheme of continuous casting process. In the present work, the nucleation parameters are preset according to the microstructure simulation of Fe-C alloy casting, [24] [25] [26] and then the nucleation parameters are adjusted to satisfy the microstructure simulation of continuous casting steel by comparison of the experimentally observed and simulated solidification structure. Finally, the optimum nucleation parameters for microstructure simulation of continuous casting steel are determined and shown in Table 1 .
The kinetic parameters of solute diffusion (partition coefficient, solute diffusion coefficient) are presented in Table 2 , and the Gibbs-Thompson coefficient used is 1.9 × 10 -7 K·m.
Results and Discussion
Equiaxed Dendritic Growth
In order to simulate the free dendritic growth in an undercooled melt, a 2D calculation domain is divided into 300 × 300 cells with a cell size of 1 μm. This is fine enough to approximately resolve the dendrite tip radius in the solidification conditions. Zero heat flux boundary conditions are applied at the four walls of the simulation domain. At the beginning of simulation, one nucleus with the preferential growth orientation of 0° with respect to the horizontal direction was assigned in the center of the area. Also, the temperature of undercooled melt equal to Tl-ΔT and initial concentration equal to Co was assumed everywhere in the computational domain. Figure 5 shows the morphology of a free dendrite with a preferential growth orientation of 0° grown in an undercooled Fe-0.6%C alloy melt for different isothermal holding time simulated by the present model. It is interesting to note that solidification starts first with dendritic growth, later the solid/liquid interface of first dendritic trunk becomes unstable and some branching of secondary dendrite arms take place concomitantly with the dendritic growth process, because of the effect of surface tension and solute diffusion. The colors of the figure indicate the concentration profiles in both the solid and liquid phase. With the progress of solidification, the concentration of solid/liquid interface becomes more and more high. The solute enriched at the foot of first dendritic trunk and secondary dendrite is difficult to diffuse, so the local liquidus is depressed and the foot of first dendritic trunk and secondary dendrite is slimmer than any other parts of the dendrite. Figure 6 shows dendrite morphology with preferential growth orientation of 0° grown in a Fe-0.6%C alloy melt with undercooling of 20°C, 30°C and 40°C, respectively. It is evident that the morphology of free dendritic growth is different at different undercooling conditions for same isothermal solidification time. With higher degree of undercooling, the growth velocity of dendrite tip becomes higher and secondary dendrite arms are developing more extensively compared with the dendrites grown in the lower undercooling melt.
Columnar Dendritic Growth
A 2D calculation domain of 300 × 800 cells with a cell size of 1 μm was used to simulate the columnar growth for Fe-0.6%C alloy. The heat transfer coefficient of the bottom surface in the present simulations is h=1 000 Wm
, ambient temperature is Tamb=25°C, and the other three sides of the Table 1 . The nucleation parameters used in the present simulation.
Mould Surface
Bulk of Liquid ), are given by 7) and Table 2 . Partition coefficient and diffusion coefficient of Fe-X alloys 27) Elements k0 Ds (cm calculation domain are adiabatic. The initial melt temperature was assumed to be the liquidus temperature of the alloy. Three grains were nucleated at the bottom of the wall with the preferential growth orientation of 0° with respect to the horizontal direction. The morphological evolution of the columnar dendrite of unidirectional solidification of Fe-0.6%C alloy is presented in Fig. 7 . The colors in the Fig. 7 display the carbon concentration in the liquid and solid phases. It is worth to note that the columnar dendrite grows from the bottom towards the top of the calculation zone, accompanying the coarsening and some branching of secondary dendrite arms taking place. Also note that the solute element ejected from the dendrite trunk is enriched in liquid between the columnar grains and secondary dendrite arms. At the end of the solidification, significant high concentration region is formed between the secondary dendrite arms.
Microstructure Evolution of Continuous Casting
Steel A curved type continuous caster with EMS in mould was used in the present study with a bloom size of 325 mm × 280 mm. The high carbon steel Fe-0.6%C was chosen as the steel, and continuous casting conditions are illustrated in In order to simulate the microstructure evolution of continuous casting steel and save calculation time, the cell size of 10 μm was adopted and each finite difference grid consists of 100 × 100 CA cells. Because of the axial symmetry of the heat transfer, a quarter of the cross section of strand was selected for the calculation domain. The effect of the fragmentation of dendrites due to fluid flow induced by EMS in mould on nuclei was taken into account by increasing the grain density. The equiaxed ratio was calculated by dividing the equiaxed zone area by the whole area. This was also used to evaluate the effect of superheat on the solidification microstructure. Figure 8 shows the experimentally obtained and simulat- ed structures with superheat of 20°C. The simulated solidification structures agree well with the experimentally observed. Three kinds of grain structures can be seen in the structure, chill zone and equiaxed zone are formed near the mould surface and in the center of the bloom respectively, and columnar zone is between them. This result indicates that the used nucleation parameters are reasonable and the present model can be used to simulate the solidification structure in the continuous casting of steel. Figure 9 shows the macro-and micro-structure of Fe-0.6%C steel continuously cast with 20°C superheat. The Fig. 9(a) indicated the simulated macrostructure of Fe-0.6%C steel which was found to be in good agreement with experimental one (see Fig. 8 ). Figure 9(b) shows the columnar dendrite morphology of Fe-0.6%C at the diagonal of cross section, it is very interesting to note that the columnar dendrite grow in the direction perpendicular to the mould wall, and final the columnar dendrites meet at the diagonal and stop growth. Figure 9 (c) shows the equiaxed dendrite morphology formed at the center of cross section. The equiaxed dendrites formed at the center before the columnar dendrites reached this region, and thus the columnar-toequiaxed transition can occur. Figure 10 shows the effect of superheat on the solidification microstructure of the Fe-0.6% steel. It can be seen that with the increasing superheat, the columnar dendrites originated from the surface nuclei become coarse and approach the center of the continuous casting bloom, and so the equiaxed zone area decreases, as quantitatively indicated in Fig. 11 . This is because the bulk nucleation sites decrease and the undercooling at the front of solid/liquid interface decreases with the increase of superheat. All these factors affect positively for the growth of columnar dendrite, and negatively for the growth of equiaxed dendrite. So, in the practical process the high equiaxed ratio can be obtained by lowering the superheat. This is also well known phenomenon in steel industry.
Conclusion
A coupled cellular automaton-finite difference (CA-FD) model has been developed to simulate solute diffusion controlled solidification in continuous casting of steel. The present coupled model was validated by experimental observation, and the simulation of the equiaxed growth, columnar growth and columnar to equiaxed transition (CET) were performed. The following conclusions can be draw.
(1) With higher degree of undercooling, the growth velocity of dendrite tip becomes higher and secondary dendrite arm are developing more extensively.
(2) During the continuous casting of steel, the high superheat retards the equiaxed transition (CET) and reduces the equiaxed ratio by accelerating the growth of columnar dendrite and depressing the growth of equiaxed dendrite. So, the high equiaxed ratio can be obtained by lowering superheat. This phenomenon is well known in industry, but now also simulated by the present model.
The new model can be used to study the effect of casting parameters and steel composition on the cast microstructure.
